We report on realization and transport spectroscopy study of single quantum dots (QDs) made from InSb nanowires grown by molecular beam epitaxy (MBE). The nanowires employed are 50-80 nm in diameter and the QDs are defined in the nanowires between the source and drain contacts on a Si/SiO2 substrate. We show that highly tunable QD devices can be realized with the MBE-grown InSb nanowires and the gate-to-dot capacitance extracted in the many-electron regimes is scaled linearly with the longitudinal dot size, demonstrating that the devices are of single InSb nanowire QDs even with a longitudinal size of ~700 nm. In the few-electron regime, the quantum levels in the QDs are resolved and the Landé g-factors extracted for the quantum levels from the magnetotransport measurements are found to be strongly level-dependent and fluctuated in a range of 18-48. A spin-orbit coupling strength is extracted from the magnetic field evolutions of a ground state and its neighboring excited state in an InSb nanowire QD and is on the order of ~300 µeV. Our results establish that the MBE-grown InSb nanowires are of high crystal quality and are promising for the use in constructing novel quantum devices, such as entangled spin qubits, one-dimensional Wigner crystals and topological quantum computing devices.
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Over the past decade, transport measurements of semiconductor quantum dots (QDs) have been widely used for exploring novel physics and new applications. Many-body phenomena, such as the Kondo effect [1] [2] [3] [4] [5] and solid-state spin qubits, 6, 7 have been extensively studied using semiconductor QDs. These abundant phenomena rely on the coherent nature of electron transport in the systems. More recently, InSb nanowires (NWs) have attracted an increasing interest. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Owing to the intrinsic properties of bulk InSb, such as a small bandgap 0.17 eV, a high electron mobility 77000 cm Vs ⁄ , a small electron effective mass * 0.015 (where me is the bare electron mass), and a large electron Landé g factor | * | 51, 19, 20 InSb nanowires have potential applications in the fields of quantum computation, spintronics and high-speed electronics. Using state-of-the-art nanofabrication techniques, various InSb NW devices, such as field-effect transistors, 10, 13, 17 single and double QDs, [8] [9] [10] 12, 16 and semiconductor-superconductor hybrid quantum devices, 11 have been realized. Studies of these devices have led to the observations of phase-coherent universal conductance fluctuations, 13 large and energy level-dependent g-factors, 8, 9, 14 strong spin-orbit interaction strengths, 8, 12 and correlation-induced conductance suppression, 9 and to the demonstration of electric manipulation of electron and hole spin states. 12, 15 Very recently, Majorana bound states in solid state systems have attracted great attention, because of their potential applications in topological quantum computing, and InSb semiconductor NW-superconductor hybrid quantum devices have been developed to spot the signatures of these exotic, topologically distinctive states. [21] [22] [23] [24] Nevertheless, in the aforementioned works, charging energy EC ~ ∆E ~ 3.5 meV, which gives an averaged value for the total QD capacitance CΣ of 45 aF and an averaged value for the gate lever arm factor α = Cg/CΣ of 0.36.
Indeed, using an ideal one-dimensional infinitely deep quantum well model, the longitudinal single-particle quantization energy in the nanowire with a length of L = 391 nm is ∆ε ~ 0.4 meV, an order of magnitude smaller than the charging energy. In addition, one can also observe that the sizes of the CB diamonds are slightly smaller in the higher Vbg region, possibly due to an increase in the QD size at more positive Vbg.
The regular, consecutive CB diamond structures seen in Fig. 2b suggest the formation of a single quantum dot in the device. Existence of more dots in series in the device would be expected to show a more complicated overlapping diamond structure in the charge stability diagram. [29] [30] [31] This result of the formation of a single quantum dot in a 391-nm-long spacings. We would like to emphasize again that these data demonstrate that the QD size is solely determined by the spacing between the source and drain contacts, underscoring the high crystal quality of the MBE-grown InSb nanowires. We also note that the effects of lattice defects, crystallographic imperfections, or impurities in the nanowires, which could break a single QD into a multiple one, have not been observed in these measurements.
Having demonstrated the electron transport though single QDs in the MBE-grown
InSb NW devices in the many-electron regime, we now move on to the investigation of the transport properties of the devices in the few-electron regime. Figure 3a occupied spin-degenerate orbital levels. With increasing B, the two peaks start to move towards each other, reflecting that the spin degeneracy is lifted through the Zeeman effect and the spin-up state (taking the fact that the g-factor is negative into account) moves up with increasing B. Here it is also clearly seen that a new peak is split out on the positive Vds side and shifts to higher Vds with increasing B. This split peak is associated with the transport through the Zeeman split spin-down state in the QD. On the contrary, at Vbg = 1.62 V (Figure   3c ), the QD is occupied by an odd number of electrons in the CB region and the pair of the inner dIds/dVds peaks resemble the transport through the last occupied spin-up orbital level.
When the magnetic field is applied, the two inner peaks move apart with increasing B. In this case, the two peaks do not exhibit splitting, confirming the half filling of an orbital state with a spin degeneracy of 2. By fitting the peak shift in the low field region to the spin-1/2
Zeeman energy term | * | , where is the Bohr magneton and * is the effective g-factor, we can extract the g-factors associated with the two neighboring quantum levels as | * | 18 and | * | 42.
We can also determine the electron g-factors for different quantum levels from the magnetospectroscopy of the ground states of the quantum dot.
8,33
Here we use the lock-in technique with a small excitation voltage of 5 µV to measure the differential conductance dIds/dVds as a function of Vbg and B in a more positive gate voltage region containing three consecutive pairs of small and large CB diamonds or, equivalently, involving three neighboring quantum levels. Figure 4 shows the results of the measurements where the evolutions of six consecutive Coulomb peaks with increasing B are presented. As the field is increased, the conductance peaks move up or down, depending on the spin of the last occupied electron on the dot. Since the total ground-state spin state alternates between a singlet S = 0 and a doublet S = 1/2 in the zero and low magnetic field region, the peak spacing between a pair of a spin-up and a spin-down last occupied electron, after being Figure 4 , the movements of the conductance peaks deviate from the linear magnetic field dependence. This is due to an increased influence of the magnetic field on the orbital states and the level repulsion in the presence of spin-orbit interaction (see below) at the crossover in ground states from a singlet to a triplet. 34, 35 Together with the values extracted from the energy spectra shown in Figure 3 , the g-factors in our MBE-grown InSb NW QDs show energy level-dependent fluctuations, which is consistent with previous reports on QD devices made from MOVPE-grown InSb NWs 8 and MBE-grown InAs NWs. 36 It has been known that level-to-level fluctuations of the g-factor in a QD imply the presence of spin-orbit coupling in the QD.
37-39
We quantify the spin-orbit coupling strength in our InSb NW QDs by investigating the evolution of the excited state spectroscopy with increasing magnet field. The spin-orbit coupling mixes the Zeeman-split spin-up and spin-down states of different orbitals at a point of degeneracy and gives rise to level anticrossing. 18, 40, 41 Figure 5a shows the stability diagram of an MBE-grown InSb NW QD device with ~50 nm in the NW diameter and ~220 nm in the contact spacing.
The CB diamonds are regularly spaced and show clear even-odd electron-number dependent alternations in size. From the measurements, we extract for the QD device an average charging energy 4.5 meV and a quantum level spacing ∆ 1.6 meV. Figure 5b shows the differential conductance spectrum measured along cut A in the stability diagram shown in Figure 5a as a function of the magnetic field. The spin states of the two involved quantum levels (one in the ground state and the other one in the first excited state) are labeled in Figure 5b . When the magnetic field is increased, the spin-up and spin-down levels first shown that a zero-bias conductance peak can occur in such hybrid devices with a moderate amount of disorder in the semiconductor NWs. 42, 43 In this regard, a clean and coherent semiconductor system, such as an MBE-grown InSb NW, is desirable for the experimental detection of Majorana fermions in solid state. Furthermore, the realization of a few-electron quantum system using such a clean and low-disorder InSb NW is important for exploring correlated electron phenomena at a low carrier density, such as the formation of a Wigner crystal at a one-dimensional quantum system, [44] [45] [46] where the presence of only a small, finite number of electrons is crucial.
In conclusion, we have performed a detailed spectroscopic study of single QDs of two-level perturbation model, and ∆ is the spin-orbit coupling strength assumed in the model, which causes the two quantum levels with different spins to undergo anti-crossing.
